Early imaging studies revealed that mammalian chromosomes are organized into topological domains similar as originally described for polytene chromosomes of Drosophila (Paulson and Laemmli 1977; Sedat and Manuelidis 1978) . The unit of the chromatin fiber is the nucleosome. Nucleosomes contain an octamer of histones wound with DNA, packaged as a 30-nm polymer chain. Beyond the 30 nm fiber, the chromatin fiber is also highly structured to permit encounters between regulatory elements with the appropriate frequencies.
In the past 20 years, several models have been proposed to describe long-range chromatin architecture. Prominent among these models are (1) the random walk/giant loop (RW/GL); (2) the multi-loop-subcompartment (MLS); and (3) the random-loop (RL). The RW/GL model describes random walk behavior constrained by very large loops (2-5 Mbp) (Sachs et al. 1995 ). The MLS model depicts the genome folded into 1-Mbp chromatin domains, consisting of bundles of loops interconnected by linkers (Münkel et al. 1999 ). The RL model proposes a dynamic genome consisting of small and large loops (Bohn et al. 2007) . Using these models as a starting configuration, the simulated spatial distances between chromatin regions have been compared to experimentally measured ones. These analyses predicted that chromatin domains within the immunoglobulin heavy chain (Igh) locus consisted of bundles of loops separated by linkers (Jhunjhunwala et al. 2008; Guo et al. 2011a) . Recent chromosome conformation-capture studies of the a-globin locus led to analogous conclusions in favor of distinct domains containing clusters of loops (Bau et al. 2011) . Similarly, genome-wide studies in vertebrate organisms validated these findings, supporting topological domains containing clusters of loops (Fullwood et al. 2009; Lieberman-Aiden et al. 2009; Dixon et al. 2012; Lin et al. 2012; Sexton et al. 2012) . Such domains were closely associated with the deposition of epigenetic marks characteristic of transcriptionally active regions (Fullwood et al. 2009; Lieberman-Aiden et al. 2009; Dixon et al. 2012; Sexton et al. 2012 ). Thus, a picture is now emerging in which the eukaryotic genome, closely resembling the polytene chromosome in Drosophila to self-organize into topological domains, like beads-on-a string.
EARLY HEMATOPOIESIS
The immune system contains progenitor populations that initiate expression of lineage-specific transcription factors while losing the capacity to adopt alternative cell fates (Fig. 1) . Initially, long-term hematopoietic stem cells (LT-HSCs) generate all immune cells (Weissman 2000) . LT-HSCs retain multipotency, self-renewal, and the ability to generate multipotent progenitors (MPPs) (Spangrude et al. 1998) . MPPs are distinct from HSCs as they reconstitute the full hematopoietic compartment but do not self-renew. Rather, MPPs may develop into erythrocytes or megakaryocytes or, alternatively, differentiate into lymphoid-primed MPPs (LMPPs) (Adolfsson et al. 2005) . Then, LMPPs readily differentiate into granulocyte -macrophage progenitors (GMPs) or, alternatively, common lymphoid progenitors (CLPs) (Kondo et al. 1997; Wada et al. 2008) . In turn, GMPs give rise to macrophages or granulocytes, whereas CLPs differentiate into the plasmacytoid dendritic, NK-, B-, or T-cell lineages (Lai and Kondo 2006; Pronk et al. 2007 ). The stable identity of each compartment relies on properly titrated expression of transcription factors. External cues, such as cytokine and receptor-mediated signals, also determine cell fate.
Signals from the macrophage colony stimulating factor receptor (MCSF-R) or granulocyte-CSFR (GCSF-R) upon exposure of G-CSF, M-CSF, and/or GM-CSF, respectively, help direct myeloid differentiation toward the neutrophil or macrophage lineages (Cecchini et al. 1994) . The relative dosage of PU.1 versus C/EBPa controls the neutrophil/macrophage lineage decision, with high PU.1 favoring macrophage development and high C/EBPa favoring neutrophil development (DeKoter and Singh 2000; Laslo et al. 2006) .
Antigen -receptor expression distinguishes B and T lymphocytes from these GMP-derived innate cells. Among B-cell progenitors, the CLP compartment can be further subdivided into two distinct subsets: Ly6D 2 and Ly6D þ (Inlay et al. 2009; Mansson et al. 2010 In contrast, T cells originate either from the LMPP or are generated from the CLP compartment through an intermediate population called early T-cell progenitors (ETPs) (Bell and Bhandoola 2008) . ETPs may generate myeloid, dendritic, natural killer (NK), and T-cell progeny (Wada et al. 2008) . Thymocytes can be segregated into four distinct classes:
CD4SP), and CD4 2 CD8 þ (CD8SP) (Taghon and Rothenberg 2008) . The CD4 2 CD8 2 (DN) compartment itself consists of four well-defined developmental stages: the DN1, DN2, DN3, and DN4 subsets (Schmitt and Zuniga-Pflucker 2002) . The DN2 compartment further divides into DN2a and DN2b subsets based on the expression of a zinc-finger containing transcription factor Bcl11b, which initiates a T-lineage specific program (Ikawa et al. 2010; Li et al. 2010a, b) . Characterized by the differential expression of CD27, the DN3 compartment contains DN3a and DN3b cells (Taghon et al. 2006) . Here, T cells undergo TCRb, g, or d locus rearrangement (Livak et al. 1999) . Upon productive TCRb V(D)J rearrangement, the pre-TCR complex is assembled, leading to rapid cellular expansion and developmental progression to the DP compartment. There, TCRa rearrangement is initiated. As a result of these rearrangements, the newly formed TCR complex faces death by neglect, negative selection, or positive selection.
TRANSCRIPTIONAL CONTROL OF LYMPHOID DEVELOPMENT
While additional factors will likely emerge, several key regulators controlling B-cell specification and commitment have been characterized in great detail, including E2A, EBF1, FOXO1, and PAX5 (Bain et al. 1994; Lin and Grosschedl 1994; Zhuang et al. 1994; Nutt et al. 1999; Beck et al. 2009; Murre 2009 ). Among these is the CLP, common lymphoid progenitor compartment; Gran, granulocytes; Mac, macrophage compartment; Neu, neutrophils; ETP, early thymocyte progenitor population; DN, thymocyte progenitors that lack CD4 and CD8 expression; DP, immature thymocytes that express both CD4 and CD8; SP, mature thymocytes that express either CD4 or CD8.
E2A gene, which encodes for two proteins, E12 and E47. They arise through differential splicing in exons encoding for the basic helix-loop-helix (bHLH) domain (Murre 2005 ). In the absence of E2A, B-cell development is completely blocked in the CLP compartment (Inlay et al. 2009 ). E2A-deficient mice contain Ly6D 2 cells, but lack Ly6D þ expressers. Typically, the E2A proteins act in concert with HEB, another bHLH protein, to induce the expression of FOXO1 at the Ly6D þ stage. E2A and FOXO1 act together to activate the expression of yet another key regulator, EBF1. EBF1 and FOXO1 coexpression establishes a positive intergenic feedback circuitry to specify B-cell identity . Finally, PAX5 is thought to "lock in" the B-cell fate. A diverse set of inputs, including E2A, EBF1, IRF4, IRF8, and PU.1, regulates Pax5 levels (Nutt et al. 1999; Decker et al. 2009 ). Finally, Pax5 participates in a regulatory feedback loop with EBF1 to commit progenitor cells to the B-cell fate (Medina et al. 2004) (Fig. 2) .
Several of the factors controlling B-cell fate also orchestrate T-lineage development. Among these, E-proteins are noteworthy. T-cell precursors express high levels of E2A and HEB (Bain et al. 1997) . Consistent with this pattern, thymocyte development in E2A 2/2 mice is blocked, albeit partially, at the DN1 stage. Similarly, forced expression of mutant HEB arrests thymocyte development at this early stage (Barndt et al. 2000) . In normal T-lineage progenitors, E47 activates components of the Notch signaling pathway such as Notch1, Notch3, Hes1, Tle3, and Tle6 (Ikawa et al. 2006 ). Subsequently, E47 works in synergy with Notch signaling to activate pTa and Hes1. Likewise, HEB acts throughout thymocyte development (Yui et al. 2010 ). Notch signaling leads to the induction of Tcf1 and Gata3, factors required for Tcell development (Ting et al. 1996; Weber et al. 2011 ). Gata3 suppresses T-cell progenitor self-renewal and inhibits a B-lineage specific program of gene expression (García-Ojeda et al. 2013) .
Moreover, critical targets of E2A and HEB are TCRb, TCRg, and TCRd antigen receptor loci (Agata et al. 2007; Yashiro-Ohtani et al. 2009 ). With the expression of a pre-TCR, E47 levels decline to permit development beyond the pre-TCR checkpoint. At the TCR checkpoint, E47 further declines to promote positive selection (Engel et al. 2001 ). Inhibitor of DNA-binding 3 (Id3), an E-protein antagonist, regulates, at least in part, transit through the pre-TCR and TCR checkpoints (Engel et al. 2001; Lauritsen et al. 2009; Jones and Zhuang 2012) . Eliminating Id3 expression after the pre-TCR checkpoint readily leads to loss of naïve T cells through mechanisms yet to be determined (Miyazaki et al. 2011 ). E2A and Id3 also regulate gd T-cell development, antagonizing the development of Vg1.1Vd6.3 expressers (Ueda-Hayakawa et al. 2009; Alonzo et al. 2010; Lee et al. 2010; Verykokakis et al. 2010; Miyazaki et al. 2011 ).
GENOME-WIDE STUDIES OF TRANSCRIPTION FACTOR OCCUPANCY
Recent genome-wide studies provide new insights into how transcription factors orchestrate myeloid and lymphoid cell fates. For example, in myeloid cells, PU.1 binding predominantly occurred at AP1 and C/EBPa consensus binding sites across putative enhancer regions, whereas, in B-cell progenitors, PU.1 occupancy primarily associated with EBF1 and E2A-bound sites (Ghisletti et al. 2010; Heinz et al. 2010; Lin et al. 2010) . In other words, the pattern of collaborative DNA binding across the enhancer repertoire correlated well with B-lineage versus myeloid-lineage specific transcription signatures. Similarly, in B-lineage progenitors, E2A-bound sites were significantly enriched for EBF1, FOXO1, and ETS/Ikaros consensus binding sites, while in T-cell progenitors, E2A occupancy was primarily associated with Runx and ETS/ Ikaros consensus binding sites Miyazaki et al. 2011) . Finally, in B-lineage cells, EBF1 occupancy across putative enhancer regions was primarily associated with ETS/Ikaros, E2A, and Pax5 binding sites while Ikaros occupancy at enhancer elements was primarily enriched for E2A, FOXO1, EBF1, and FOXO1 consensus binding sites (Treiber et al. 2010; Ferreirós-Vidal et al. 2013) . At distinct stages of B-cell development, largescale changes can be observed as they relate to transcription factor occupancy. In pre-pro-B cells, E2A-bound enhancers are enriched at sites across putative enhancers that are partially distinct from those observed in pro-B cells . At these sites, E2A binding is predominantly associated with Runx and Ikaros consensus binding DNA sequences. Likewise, enhancer repertoires associated with global PAX5 occupancy differ significantly between pro-B cells and mature-B cells (Revilla-I-Domingo et al. 2012) .
To define collaborations among transcription factors in the B lineage, mutant cell lines have been generated and examined to assemble a network of genome-wide E2A, EBF1, and FOXO1 occupancy and transcription factor signatures . Analysis revealed that E2A proteins bind to regulatory elements across EBF1 and FOXO1 loci. EBF1 binding was also observed at regulatory elements associated with the FOXO1 locus, suggesting that EBF1 and FOXO1 may act in a feedback loop to modulate B-cell development. Indeed, these observations were recently confirmed by analysis of EBF1-and FOXO1-deficient CLPs, indicating that EBF1 and FOXO1 act in a positive feedback circuitry to establish B-cell identity . Taken together, these studies show that the E2A and HEB proteins, noted earlier, act in the CLP compartment to induce the expression of FOXO1. Subsequently, E2A and FOXO1 act together to induce EBF1 expression. In turn, EBF1 binds to regulatory elements at FOXO1 enhancers to establish a positive intergenic regulatory feedback loop for B-cell identity. Once EBF1 takes hold, it collaborates with E2A to induce PAX5 expression.
The global studies also revealed that E2A proteins directly regulated the expression of CCCTC-binding factor (CTCF) . CTCF functions as an architectural protein to establish nuclear topology. In B-lineage cells, CTCF plays a critical role in modulating the topology of the immunoglobulin loci (Jhunjhunwala et al. 2009; Degner et al. 2011; Guo et al. 2011b) . Two distinct subsets of CTCF binding sites were identified. The first subset had CTCF binding sites located between the variable region cluster and the D H J H elements. These sites acted as insulators, which allowed the onset of D H -J H recombination to proceed by suppressing V H -D H rearrangement. The second subset occurred within the proximal V H regions. There, CTCF sites were predominantly localized within close genomic proximity of the V H gene segments. These sites may help establish a rosette-like topology that sequesters the proximal V H region to the base of the rosette surrounding a cavity containing the D H J H elements (Lucas et al. 2011) . Although still to be proven, it seems to be conceivable that the induction of CTCF transcription by the E2A proteins modulates genome topology globally during the developmental transition from the pre-pro-B to the pro-B cell stage.
CHARTING THE TOPOLOGY OF LYMPHOID GENOMES
It is well appreciated that the eukaryotic genome can be segregated into transcriptionally permissive (euchromatic) and repressive (heterochromatic) compartments (Kind and van Steensel 2010) . In the past, although assignment of genes to regions such as nuclear pores, nuclear lamina, or centrally located nuclear domains was possible, this assignment could only be achieved on a gene-by-gene basis. More recently, approaches have been established that permit the assignment of whole genomes to transcriptionally permissive or repressive compartments (Lieberman-Aiden et al. 2009). These strategies identify laminaassociating genomic regions as well as model the folding patterns for the chromatin fiber. These techniques have revealed that, concurrent with the differentiation of embryonic stem cells, a large subset of genes switch nuclear compartments during developmental progression (Kind and van Steensel 2010) . Similarly, we have observed large-scale changes in the nuclear environments of genes in pre-pro-B and pro-B cells . Specifically, in the transition from the pre-pro-B to pro-B-cell stage, a large set of genes ( 250) relocated from the heterochromatic to euchromatic compartment, and vice versa . The repositioning of genes in the nucleus during the pre-pro-B to pro-B-cell transition was closely associated with changes in nascent transcription. Of the genes that showed increased transcript levels in pro-B cells, 251 (13%) were found in regions that switched from the heterochromatic to euchromatic compartment, while 44 (2.3%) of the genes that showed a decrease in expression levels showed the reverse pattern. It is important to note, however, that not the entire spectrum of genes that switched nuclear location displayed changes in active transcription. Rather, a subset of genes that changed nuclear location from the heterochromatic to euchromatic compartment remained transcriptionally silent . Interestingly, this set of genes was primarily characterized by deposition of H3K27me3, an epigenetic mark closely associated with transcriptional silencing. These observations indicate that there are at least two ways of antagonizing gene expression: (1) sequestration to the nuclear lamina, and (2) recruitment to polycomb bodies. Why are these distinct mechanisms of silencing? We envision that being located in polycomb bodies would permit silenced genes to rapidly relocate to transcription factories during developmental progression.
Transcriptional inert compartments may serve to completely silence gene expression. On one hand, silenced genes within transcriptionally active neighborhoods risk aberrant activation, for example, by looping of active nearby enhancers to promoter regions. On the other hand, localization within a transcriptionally inert neighborhood mitigates aberrant activation of gene expression since the entire compartment is silenced. Localization to the heterochromatic compartment may be particularly important for those genes encoding for proteins with key regulatory functions.
ANCHORS ACTING AT DIFFERENT LENGTH SCALES
As described above, the transcriptionally permissive compartment is organized as chromatin globules/domains containing bundles of loops separated by linkers like "beads-on-a-string," as originally proposed by the MLS model (Munkel et al. 1999; Jhunjhunwala et al. 2008) . Loop attachment regions within topological chromatin domains are highly enriched for CTCF occupancy (Fullwood et al. 2009; Li et al. 2012) . Similarly, lineagespecific transcription factors such as E2A, EBF1, Pax5 and PU.1 are enriched across loop attachment regions . These factors are also frequently involved, albeit less frequently than CTCF, in mediating genomic interactions between topological domains. There are at least two distinct anchors that weave the genomes of lymphoid cells: (1) anchors that function primarily at the local level (i.e., within chromatin globules) and (2) tethers between factors associated with both intra-and interdomain interactions. How do these two putative anchors differ? The biochemical activities of CTCF and E2A are quite distinct. E2A, PU.1, EBF1, and Pax5 but not CTCF occupancy is primarily associated with H3K4me1 and H3K4me2, epigenetic marks of putative enhancers . Lineage-specific transcription factors, including EBF1, PU.1, and Pax5, are not expressed in the CLP compartment but are activated during the transition from the CLP to the pro-B-cell stage. Thus, lineage-specific transcription factors bind to a vast spectrum of enhancer elements across the pro-B-cell genome to promote genomic interactions not only at enhancers within chromatin domains but also between domains to promote the assembly of transcription factories (Iborra et al. 1996; Cook 1997 ). It will be important to determine how the entire ensemble of architectural proteins like CTCF and cohesins act in concert with transcriptional regulators such as E2A, EBF1, and FOXO1 to orchestrate the architecture of the pro-B-cell genome and initiate a B-lineage specific program of gene expression.
CONCLUSION
In early B-cell progenitors, EBF1, FOXO1, Igk, and Igl loci but not the Igh locus were among the genes that switched nuclear environments. Studies using 3D-FISH in pre-pro-B cell progenitors largely confirmed these data but also revealed that some EBF1 alleles did not associate with the nuclear lamina . We suggest that this nonassociated fraction of EBF1 alleles may be silenced by other mechanisms, possibly via deposition of H3K27me3, as we have discussed above. Conversely, why silence the EBF1 locus by sequestering it to the nuclear lamina? We suggest that situating active genes within close spatial proximity of EBF1 must be avoided to preclude premature, stochastic activation. At earlier stages of hematopoiesis, factors involved in the induction of EBF1 transcription such as E2A and FOXO1 are expressed at high levels. Again, it is critical to ensure that the EBF1 locus is sequestered away from transcription factories that contain high levels of E2A to prevent aberrant, premature activation of B-lineage genes.
Finally, are other key developmental regulators modulated at the level of nuclear positioning in early hematopoiesis? Interestingly, Bcl11b is also sequestered in the heterochromatic compartment of pre-pro-B cells. Thus, analogous to the EBF1 locus, Bcl11b may be attached to the nuclear lamina to suppress the activation of a T-lineage program. Such a mechanism, it would appear, would not be restricted to hematopoietic progenitors but could be used in all stages of lymphoid and myeloid development. If this was the case, then the positioning of key developmental regulators to the nuclear lamina in progenitor cells would serve as a more general principle to prevent premature activation of lineage-specific programs for gene expression and developmental progression.
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